Introduction
The mechanical properties of metals result from a range of strengthening mechanisms. There are a number of constitutive laws that describe these for "typical" structures (with the mean grain size range down to 1 mm). However, the situation becomes much more complicated in the case of ultra fine-grained and nanostructured materials. These structures are mainly obtained by heavy cold deformation followed by annealing. These structures can be initially characterized by a cell block dislocation structure with a significant fraction of low angle boundaries (LABs), which finally transform into more stable high angle boundaries (HABs). Such materials do not behave in a similar way to their "typical" counterparts and the physical phenomena governing the strengthening mechanisms are different and still poorly understood. Therefore, final mechanical properties of ultra fine-grained (UFG) and nanostructured materials (below 1 mm) result from strengthening mechanisms descriptions that need at least some modifications compared to the micro-scale structures. The main sources of existing differences, that have been reported in UFG/nano materials, are: a change in the Hall-Petch (H-P) slope, 1) more complex deformation and fracture mechanisms 2, 3) and changeable strain rate sensitivity-enhanced for fcc and decreased for bcc metals. [4] [5] [6] [7] A significant decrease in work hardening is a typical mechanical response observed in strongly refined structures. A correct description of the mechanical behavior based on actual physical phenomena occurring in these microstructures is of paramount importance-especially now, when ultra fine-grained and nanostructured materials are about to come into industrial production.
In this work, the differences in the grain boundary and dislocation strengthening description between "typical" and ultra fine-grained HSLA steels are discussed. In the modeling section, the viscoplastic Khan-Huan-Liang (KHL) model was chosen and an attempt was made to modify it in order to incorporate in this equation grain boundary and dislocation strengthening contributions for ultra finegrained and nanostructured materials.
Grain Boundary and Dislocation Strengthening
Grain refinement is one of the most effective ways to improve the mechanical properties without a loss of ductility. So far, the well known Hall-Petch equation relating the grain size with the flow stress has been widely used as a description of this strengthening mechanism. However, there are many reports suggesting, that in the case of fine grained materials below some critical grain size, this equation is no longer effective. [8] [9] [10] [11] Nes et al. 8) indicated, that in this case, due to the fact that the spacing of mobile dislocations is comparable to the grain size and when a stress is applied these dislocations will be forced to bow out the boundarystable pile-up configurations do not form, so this mechanism cannot be used to explain the Hall-Petch relationship. The authors proposed that the stress required for dislocation migration in a substructure consisting of a mixture of LABs and HABs with a Frank network of dislocations inside the May 29, 2007 ) In the present paper the basic strengthening mechanisms operating in microstructures are discussed with respect to their application in submicron/nano materials. This analysis focuses on these strengthening mechanisms in bcc microstructures, where the effect of grain boundaries is very strong. An experimental study of the influence of the thermomechanical history on the microstructure and dislocation substructure was performed using two different grades of HSLA steels. As a result, a modified version of the Khan-Huang-Liang flow stress model (KHL) was developed and is discussed in the light of results from the present study. Comparison with experimental results showed significant diversity in the refinement and mechanical responses of each steel, due to different activity of strengthening mechanisms and microalloying elements in the microstructure evolution process. The effect of mechanical and microstructural inhomogeneity in severe plastic deformation (SPD) on the deformation induced grain refinement and mechanical properties was also considered.
Modeling of the Mechanical Behavior of Nanostructured HSLA Steels
subgrains/grains is represented by:
where G is a shear modulus, b is Burgers vector, tˆp is the flow stress contribution caused by non-deformable particles (Orowan by-pass stress tˆpϭGb/l, where l is the particles spacing), r i is the dislocation density in the subgrain interior and d is the separation of the LABs.
D is either the grain size in un-deformed polycrystalline metals or the separation of HABs in heavily deformed metals.
However, other work suggests that the pile-up model is still valid. Hansen 9) explained the strengthening caused by LABs based on a dislocation pile-up where the boundary resistance was taken as the stress to push the edge dislocations through a simple tilt wall and proposed a Hall 2) where q is the misorientation angle.
As an alternative explanation Hansen related the flow stress of a cell-forming metal to the total dislocation density. He assumed that the dislocation density for a mixed tilt/twist boundary only results from geometrically necessary dislocation boundaries (GNDBs) and proposed the following flow stress relation: This value is higher compared to that obtained from the pile-up model. As mentioned above, Eq. (4) shows the effect of misorientation angle on the Hall-Petch slope for dislocation boundaries. It can be seen that the slope in the Hall-Petch relationship-Eqs. (2) and (4)-for dislocation boundaries increases proportionally to the square root of the misorientation angle. Therefore, at small angles the Hall-Petch slope for cells or subgrains will be lower than in the case of HABs. On that basis, it can be assumed that there exists a critical grain boundary misorientation angle at which the strengthening of the LABs and HABs are equal. The value of this critical angle changes for different materials and for example for IF steel is equal to 0.52°. 9) Therefore, it can be summarized that the mechanical response of nanostructured steels can be treated as a combined effect of different dislocation arrangements. The influence of solid solution and precipitation is accounted for in this analysis by the retardation effect on the dislocation movement. As a consequence, the formation process of LABs is effectively altered. An attempt of substructure strengthening description has been also proposed by the Authors of present work elsewhere. 10) The contribution from LABs and HABs to the strengthening mechanism can be taken into consideration not only by the determination of their separation but also by specifying their density. In the case of heavily deformed structures, that are characterized both by dislocation substructures and HABs, their contribution to the strength can be expressed in an additive form 11) : .... (5) where S V is the area of boundary per unit volume, f is the density of HABs and q LAB is the average misorientation angle of LABs.
A good prediction has been found using this equation for the analysis of the experimental flow stresses of cold rolled Al, Ni and IF steel. In this equation S V can be replaced with 2/D B , where D B is the average boundary spacing. On the basis of the above analysis it can be concluded that the main differences affecting the description of constitutive laws of the strengthening mechanisms of ultra fine-grained and nanostructured structures are a result of the presence of significantly increased volumes of both LABs and HABs that act as obstacles for dislocations. Hence, the ability to predict the mechanical properties of such microstructures depends on properly established representations of these phenomena in the constitutive equation of the flow stress. The model that already enables quite good prediction of mechanical response of nanostructural materials is the KHL model. 12) However, the original form of this model (Eq. (6)) does not take into account the contribution of LABs in nanocrystalline structures very often obtained by accumulated severe plastic strain. Hence, its modification to the phenomena of substructure strengthening is one of the main tasks in the present study.
Experimental
The aim of the experimental part of the present research was to obtain a wide range of microstructures with different grain sizes in order to study the effect of grain refinement ultra fine-grained steel structures (with grain size below 1 mm) and then, to study the mechanical behavior of such materials as a function of their different thermomechanical histories (strain, strain rate, deformation and annealing temperature). The basic chemical compositions (wt%) of the investigated steels are presented in Table 1 . Both steels were supplied in the "as hot rolled" condition.
The "typical" structures (with the average grain size diameter higher than 1 mm) were obtained using single pass hot rolling experiments according to the deformation Table 2 .
The structures with a mean grain size below 1 mm were produced by SPD using the MaxStrain system. The details concerning the experimental work can be found in Refs. 13), 14) In the present study, the main processing parameters are presented in Table 3 . The specimens were deformed in multiaxis compression with total strains of 5 and 20 (strain of 0.5 per each pass). In schedule 1 (Table 3) , specimens were deformed at room temperature to a total strain of 5. In schedule 2, after deformation at room temperature to a total strain of 20, specimens were reheated to the annealing temperature (500°C) and annealed for 1 200 s. In the schedule 3, specimens were reheated to 500°C and, after holding in this temperature for 300 s, deformed to a total strain of 5.
To study the mechanical behavior of the deformed structures tensile tests were performed. Subsequently, the data from the experimental work were used to modify and calibrate the KHL flow stress model. In order to provide more results for calibration of the model, additional high strain rate compression tests were carried out for the rolled specimens using the Split Hopkinson Pressure Bar (SHPB) at room temperature with a strain rate of about 1 800/s. The microstructure evolution was studied on the basis of Transmission Electron Microscopy (TEM), whilst the volume fraction of LABs and HABs was estimated using Electron Back Scattered Diffraction (EBSD) analysis performed for the specimens after MaxStrain deformation.
Results
Examples of the results of TEM and EBSD analysis of the specimens deformed using MaxStrain system are shown in the Fig. 1 . It can be seen that for the same deformation conditions (MaxStrain-schedule 2), steel Y shows much stronger grain refinement compared to X65 steel. In this case, also the degree of HAB generation (misorientation angle Ͼ15°) is slightly more advanced. In the case of schedule 1 (Max Strain), a much higher volume fraction of LABs can be noted for steel Y. This suggests a much stronger tendency for this steel to generate the dislocation structures in the form of cells and subgrains. The dispersed precipitates of (Nb, Ti)CN in this steel effectively pin dislocations so the effects of deformation in severe multiaxis compression are accumulated. Comparing Figs. 1(f) and 1(h), it can be seen that when the total strain increases steel Y "produces" a higher volume fraction of LABs, that can be transformed into HABs under certain favorable conditions (e.g. after applying subsequent annealing). It is believed, that the refined dislocation structure results from the interaction with fine precipitates, which forces dislocations to form the fine local cell structures, in contrast to the situation where the uniform dislocation lines propagate due to the lower number of precipitates (Figs. 1(b), 1(d) ). This phenomena needs more clarification in further study.
These observations are also supported by the histograms of relative frequency of misorientation angle for these materials (Fig. 2) . Applying a large cold deformation with subsequent annealing resulted in a significant increase in the HAB volume fraction (Figs. 2(b), 2(d) ). Results presented here confirm that the complex chemical composition of the HSLA steel plays a significant role in the refinement process by SPD, predominantly through the retardation of dislocation movement. These measurements were subsequently used to determine the HAB volume fraction and average misorientation angle of LABs to be employed in a modified form of KHL model (Eq. (7)), introduced below.
Modeling
The stress-strain curves obtained from the samples produced in this work were not ideal as they contained effects from the microstructural inhomogeneity and their small size precluded the use of an extensometer. This meant that the data was inadequate for the independent development of an appropriate constitutive model. Therefore, the aim of the present study was to examine current models in the literature to assess their applicability to the results obtained here. The model that already enables quite good prediction of mechanical response of nanocrystalline materials is the KHL model.
12) The first form of this model was proposed by Khan and Huang in 1992. 15) This was based on the decomposition of the total deformation rate into elastic and plastic components. The model was then modified to describe the coupled work-hardening dependence on strain, strain rate and temperature as well as grain size Hall-Petch type relationship that correlates with the response of nanocrystalline materials, including the variation of work hardening with grain size. The KHL model (Eq.
) has demonstrated very good accuracy over a wide range of grain sizes (from tens of nanometers up to hundreds of micrometers) and strain rates. 12, 15) Also the previous work of the present authors demonstrated that this model has good ability to analyze the deformation processes of UFG structures and has a further advantage in the simplicity of its implementation into a Finite Element Modeling (FEM) code. 13) These were the main reasons for the selection of this model in the present work.
The first step was to obtain the set of material constants for the studied steels and to perform the initial calculation using the original form of the KHL model. In original Khan's work 12) all the material constants have their physical meaning. Assuming, that those physical basis are valid also for the current analysis, it is suggested that this model can be applied for a specific material on the condition that new calibration procedure is performed. In the present study, modeling process concerns microalloyed steels, where additional strengthening mechanisms (comparing to another materials) are connected with solid solution and precipitation strengthening. Thus, a change in chemical composition, which will change the basic mechanical behavior of the deformed materials needs new calibration process. Similarly, when the microstructure refinement reaches the significant level, the calibration should be repeated. It will be discussed later in this study. In order to determine the set of material constants, results from the experimental part were utilized and a combination of the simplex method (Nelder-Mead algorithm) as well as optimization procedure were used to minimize the error between predicted and actual data. The core procedures were commercial programs in MATLAB software. An initial input set of data for MAT-LAB optimization, material constants were found following Khan 12) : C was obtained using the yield stresses at e˙ϭ1 and 0.0001 s Ϫ1 for a nanocrystalline material. B and n 0 were de- termined using the true stress-true plastic strain data at the reference strain rate (e˙ϭ1 s
Ϫ1
). Using obtained B and n 0 , and Hall-Petch slope at strain rate e˙ϭ0.0001 s
, a and k were found. Finally, n 1 was obtained, using the true stresstrue plastic strain at strain rates other than e˙ϭ1 s
. The set of equation coefficients obtained is summarized in Table 4 . Figures 3 and 4 show the comparison of the measured and calculated results for both studied steels for various grain sizes and strain rates.
It can be seen in Fig. 3 , that prediction of the mechanical behavior using the existing form of the model only holds for specimens where there is no evidence of substructure, or there is a low volume fraction of LABs. In this case, the original KHL model converges with the measured flow stress over the wide range of strain rates. However, the present work shows that, when the grain size decreases below 1 mm, the discrepancies between the calculated and meas- (6)) for various grain sizes and strain rates.
Fig. 4.
Comparison of measured and calculated flow stress curves using original KHL model (Eq. (6)) for nanostructured specimens using material constants from Table 4 (a) and in the original form for nc-Iron 12) (b). ured flow stress curves become significant (Fig. 4) . This situation did not occur in Khan's work where a single set of material constants held for grain sizes from hundreds of micrometers down to tens of nanometers. It is possible that there are two main sources of difference between that and the current work. First, the materials that Khan studied were metal powders consolidated by hot pressing. The microstructures of such materials, both the initial and those developed during deformation, are much more homogeneous, compared to the steels investigated in the present study. Also the mechanical response and microstructures of HSLA steels are much more complex due to the action of several strengthening mechanisms. Especially, in the present study the contribution from dislocation substructure strengthening is high and will significantly affect the plastic flow and the mechanical behavior during tensile testing. Therefore, the observed discrepancies between the calculated and measured flow stress curves for nanostructured specimens (Fig. 4) could be because this effect was not taken into consideration in the original form of the KHL model (Eq. (6)). Additionally, the flow stress curves observed in the present study are not typical (compared to the curves obtained from standard uniaxial loading test of structures with the grain diameter in the micron range) due to the very complex character of the microstructure (see tensile test results- Fig. 4 ). Very often in the various SPD processes, the deformation zone is characterized by a very inhomogeneous strain distribution, which then leads to an inhomogenous microstructure. Also in the present study, where the MaxStrain system was used, the microstructure evolution was the result of a complex strain path.
14) The proper account of the strain hardening rate is very important for a correct prediction of the deformation behavior under SPD. The use of strain hardening curves obtained in uniaxial tensile tests may lead to erroneous calculations of SPD, as very large strains not accessible under tensile testing are involved in SPD. 16) It has been also reported in Ref. 17) , that in quasi-static tensile test of materials nanostructured by severe plastic strain, the deformation time can be long enough to let the dislocations trapped at grain boundaries to spread into grain boundaries. This may lead to a lack of dislocation accumulation and weakness in strain hardening is observed in the flow stress curves.
Modification of the KHL Model
As shown above, the deformation microstructures obtained by severe plastic strain with the MaxStrain technique after strain path changes may be still equiaxed and subdivided by a mixture of LABs and HABs ( Fig. 1 and Fig. 5 ). Therefore a model for these materials must take this into consideration. In the original form of the KHL model (Eq. (6) (7) Khan et al. showed that this term can be used for all grain sizes. The negative H-P slope that is observed for some materials when the grain size is significantly below the micrometer range is also taken into account in this model by changing the materials constants. The remainder of the equation retains its original form and relates the strain hardening to the strain, strain rate and temperature. In the present study, on the basis of the current work it is proposed to modify the first term of Eq. (6) At this stage of the study, the temperature effect was not considered. The development of shear bands imposed by the multiaxial compressions and possible change in the strain rate sensitivity 7) is also outside of the scope of the present study.
As it was pointed out in the previous paragraph, when the microstructure refinement reaches the significant level, the calibration process should be repeated. Therefore, in order to use the modified form of Eq. (6) it is a necessary to recalibrate all of the materials constants. The determination of the material constants was carried out in the similar way as in the case of Eq. (6). The only difference was, that as
initial guesses for MATLAB, the constants previously optimized for Eq. (6) (taken from Table 4 ) were used. The results of the optimization using the MATLAB software are given in Table 5 . The values of average misorientation angle, average boundary spacing and HABs volume fraction were calculated on the basis of the EBSD analysis and are summarized in Table 6 . The specimens characterized by high and low volume fraction of HABs (MaxStrainschedules 2 and 3, respectively) were selected in order to examine the applied modifications. Figure 6 summarizes the results of calculation using the modified KHL model (Eq. (7)). This simple modification significantly improved the agreement of the model with the measured results. It is evident that the convergence of proposed modified form of the model (Eq. (7)) improves as the strain increases, i.e. for higher values of tensile stress. It is possible that this improvement reflects the greater effect of the microstructure inhomogeneity at lower strains, whereas at higher strains it is more likely that the structure will behave more like the average of the inhomogenous structure.
It is proposed, that this modification can be used for the prediction of the mechanical response of the materials subjected to deformation process by the means of SPD, with high microstructural and mechanical inhomogeneity, where dislocation and substructure strengthening is significant.
Conclusions
The present study discusses the basic strengthening mechanisms operating in complex microstructures developed by severe plastic strain. It is believed, that a refined dislocation structure can result from the interaction with fine precipitates, which will force dislocations to form a locally fine structure in contrast to the situation where the uniform dislocation lines propagate due to the lower number of precipitates. On the basis of the results from this work, the KHL model of flow stress was adapted to predict the mechanical response of the steels refined by the SPD method. This model shows good agreement with the measured tensile results. It was observed in the present work, that nanostructured HSLA steels had a different mechanical behavior to "typical" nanocrystallized materials. The main reason for this is the high inhomogeneity in microstructure evolution formed by the method used for SPD.
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